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Abstract 

The similarity of the observed densities of baryons and cold dark matter sug- 
gests that they have a common or related origin. This can be understood in the 
context of the MSSM with right-handed (RH) sneutrinos if cold dark matter is 
due to a (i = 4 flat direction condensate of very weakly coupled RH sneutrino 
LSPs and the baryon asymmetry is generated by Affleck-Dine leptogenesis along 
the d = A (HuL)^ flat direction. The correct density of RH sneutrino dark mat- 
ter is obtained if the reheating temperature is in the range 10^ — 10^ GeV. A cold 
dark matter isocurvature perturbation close to present observational bounds is 
likely in the case of inflation driven by a D-term or by an F-term with sup- 
pressed Hubble corrections to the A-terms. An observable baryon isocurvature 
perturbation is also possible in the case of D-term inflation models. 
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1 Introduction 



A striking feature of the observed Universe is the similar mass density in baryons and 
cold dark matter (CDM). From the WMAP three- year results for the ACDM model, 
Qdm/^b = 5.65±0.58 [Ij. In conventional models of baryogenesis and dark matter the 
physical mechanisms behind the respective densities are typically unrelated [2\. For 
example, this is generally true in the case where dark matter originates from freeze-out 
of a thermal equilibrium density of weakly-interacting particles. As there is no reason 
to expect the values of Qb and Qdm from entirely unrelated physical processes to be 
within an order of magnitude of each other, there is an implicit acceptance of either a 
remarkable coincidence or an undefined anthropic selection mechanism. 

A more obvious interpretation of the baryon-to-dark matter ratio is that the densi- 
ties originate via a common physical mechanism. Such an interpretation could provide 
a strong principle by which to identify both a viable particle physics model and the ex- 
planation of dark matter and baryogenesis within that model. Should a given particle 
physics model naturally have within its structure a common mechanism for the origin 
of dark matter and baryogenesis, then both the model and the associated mechanism 
would be strongly favoured. 

In this paper we will apply this principle to the minimal supersymmetric (SUSY) 
Standard Model (MSSM) [3] to determine the most likely cold dark matter particle and 
mechanism for baryogenesis. We will consider the MSSM extended by right-handed 
(RH) neutrino superfields in order to generate neutrino masses (i/MSSM). 

It has recently been proposed that the lightest supersymmetric particle (LSP) could 
be a RH sneutrino |4j. The scenario discussed in [4J considered the case where the 
neutrino masses are of Dirac-type, with no SUSY mass term for the RH neutrino 
superfield. Since the RH sneutrino mass is purely due to soft SUSY breaking, the RH 
sneutrino can then be the LSP. This model may have striking consequences for collider 
phenomenology: the next-to-lightest SUSY particle of the MSSM sector (MSSM-LSP) 
would have collider signatures identical to a conventional LSP, but could be a coloured 
or charged particle instead of a neutralino [1] . 
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The dark matter RH sneutrinos considered in P] originated from the decay of 
thermal equihbrium MSSM particles, although the possibility of dark matter being 
due to a RH sneutrino condensate was also noted. In the following we will argue that 
the baryon-to-dark matter ratio favours a RH sneutrino condensate as the explanation 
of cold dark matter. This will be true if there exists a mechanism within the z/MSSM 
by which a baryon density can be generated which is naturally of the same magnitude 
as the RH sneutrino dark matter density. We will show that this can be achieved via 
Affleck-Dine (AD) leptogenesis [5J along the flat direction p[7]. Large CDM 

and/or baryonic isocurvature perturbations are possible in this framework, depending 
of the structure of the inflation model. 

There exist other models which attempt to explain the baryon-to-dark matter ratio. 
The possibility that sneutrinos can play the role of dark matter has been considered 
in [HI [9]. In [8] a mixed sneutrino dark matter particle with a large RH sneutrino 
component was considered. In this model thermal relic densities of sneutrinos and 
baryons of the right magnitude can be generated from an initial lepton asymmetry. 
This requires that the weak scale has the right magnitude in order to annihilate the 
sneutrino asymmetry sufficiently. In [9| a RH sneutrino condensate was considered in 
a lepton-number conserving renormalizable extension of the MSSM. This model shares 
the features of Affieck-Dine leptogenesis and RH sneutrino condensates with the model 
proposed here, but employs a different AD leptogenesis mechanism and is dynamically 
unrelated. In this model the number density of dark matter particles is related to 
the number density of baryons via lepton number conservation. This type of relation, 
based on a conserved charge, requires a very light LSP of a few GeV in mass, which 
is disfavoured in gravity-mediated SUSY breaking models. In [10] the possibility that 
the late-decaying Q-balls which form along d = 6 flat directions of the MSSM during 
AD baryogenesis could produce dark matter neutralinos was considered. This model 
also relates the number density of baryons and neutralinos and as a result requires 
a neutralino mass ~ 2 GeV, which is experimentally ruled out in the context of the 
MSSM. Recently a solution to this problem was proposed where naturally light axinos 
from the decay of MSSM Q-balls could account for the baryon-to-dark matter ratio 
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[11] . An earlier SUSY model is based on the CP- violating decay of a condensate of 
massive scalar particles to baryons and dark matter [12]. Non-SUSY models also exist. 
In [13] , a model based on the universal see-saw mechanism was proposed in which the 
baryon number is related to the number of dark matter particles via baryon number 
conservation and the decay of TeV-scale quarks to right-handed Majorana neutrinos 
of mass ~ 1 GeV. A similar mechanism was proposed in [T3|. In [15] it was proposed 
that the dark matter particle number density could be related to the baryon number 
density if the dark matter particles carry baryon number and the annihilation cross- 
sections for dark matter baryons and anti-baryons differ. Earlier models include those 
based on electroweak baryogenesis [16] and anomalous {B + L)-violation [T7] . 

A striking feature of all of these models (with the exception of [8]) is that they 
strictly relate the number of baryon to the number of dark matter particles via a 
conserved charge. In the case of SUSY models this results in unfavourably small LSP 
masses. In contrast, the model we present here is not based on a conserved charge but 
instead is purely dynamical in nature, based on the similar dynamics of the seperate 
flat direction fields responsible for the baryon asymmetry and dark matter density. 
Information from accelerators, in particular evidence of SUSY and the nature of the 
LSP from the Large Hadron Collider (LHC), and astronomical observations, such 
as evidence of isocurvature perturbations, could in principle distinguish between the 
possible models. 

The paper is organised as follows. In Section 2 we discuss dark matter from a RH 
sneutrino condensate and AD leptogenesis from the {HuLY flat direction. We calculate 
the baryon-to-dark matter ratio and the range of parameters for which the densities 
of dark matter and baryons are similar. In Section 3 we calculate the magnitude of 
the CDM and baryon isocurvature perturbations expected in the model. In Section 4 
we present our conclusions. 
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2 Cold Dark Matter and the Baryon Asymmetry 
from d = A Flat Directions 



The key feature of the z/MSSM is that both the baryon asymmetry and cold dark 
matter can originate from condensates of scalar fields along flat directions of the 
scalar potential. In particular, if the fiat directions responsible are both lifted by 
non-renormalisable superpotential terms of the same dimension, then we will show 
that the baryon and dark matter densities are automatically related. 

Since the RH sneutrino is a gauge singlet, it is natural to consider a non-renormalisable 
superpotential term of the lowest possible dimension, d = 4. In order to account for 
the baryon-to-dark matter ratio, the baryon asymmetry must then originate via AD 
leptogenesis . The superpotential we consider is 

therefore 

W = WuMSSM + Wnr , (1) 
where W^mssm is the z/MSSM superpotential 

W.MSSM = KNHuL + Ke'^HdL + Ku'HuQ + Xd'H^Q + ^iHuH^ + (2) 



and Wnr contains Planck-suppressed non-renormalisable term: 

Here is the RH neutrino superfield, $ is the flat direction AD superfield of the 
d = A {H^Lf fiat direction and M = Mpi/VStt ^ 2.4 x 10^^ GeV. For simphcity 
we have suppressed generation indices. A^ carries lepton number L = 1. This is the 
most general renormalisable superpotential which is invariant under standard R-parity, 
which we assume is unbroken in order to have a stable LSP. 



^In order to have an (iJ„L)^ flat direction in the presence of a large amphtude for N in the 
j/MSSM, the N field would have consist of combination of N generations that does not couple to the 
flat direction L via X^. However, since we are considering very small values of in the following, 

^ 10~^^, in practice any lifting of the flat direction by the N amplitude is negligible. 

^We include 1/4! factors so that the physical strength of the interactions is dimensionally deter- 
mined by M. 
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Mat cannot be larger than the soft SUSY breaking mass scale, ^ 100 GeV — 
1 TeV, if the RH sneutrino is to be the LSP. The simplest possibility is that there is 
no A^^ term in the superpotential, in which case the neutrinos gain Dirac masses via 
very small Yukawa couplings, Aj^ ^ 10~^^. This can be understood if the renormalisable 
part of the superpotential has an R-symmetry under which R{u'^, d'^, e'^, Q, L, N) = 1/2, 
R{Hu,Hd) = 1. The R-symmetry is assumed to be broken by the Planck- suppressed 
non-renormalisable terms. Alternatively, lepton number may be conserved in the 
renormalisable superpotential but broken by the non-renormalisable terms. In order 
to generate a baryon density similar to the dark matter density we need a d = 4 B — L- 
violating flat direction. For the conventional MSSM fiat directions (those independent 
of A^), the only B — L- violating d = 4 monomial is {HuLY [SJ [7|. In addition there 
are B — L conserving MSSM flat directions corresponding to the monomials QQQL 
and u^u'^d^e'^. However, unless there is a suppression of these superpotential terms for 
1st and 2nd generation superfields they will induce too rapid proton decay [T8[ [19] . 
The QQQL and u^u'^d'^e'^ terms can be eliminated by an anomaly-free discrete gauge 
symmetry of the MSSM (which is left unbroken by quantum gravity effects) which 
permits the {HuLY operator [191 [20]. Under the requirements that baryon-number is 
conserved up to dimension 5 operators and that the MSSM /i-term and {HjjLY op- 
erator are permitted, the possible anomaly-free discrete gauge symmetries are baryon 
triality [19] , which requires seperate imposition of R-parity (also anomaly-free) to ob- 
tain the MSSM, or baryon hexality, which automatically reproduces the low-energy 
R-parity conserving superpotential 



2.1 Scalar Potential for d = A Flat Direction 

For a d = 4 fiat direction lifted by a superpotential of the form, 

the generic scalar potential with gravity-mediated soft SUSY-breaking terms and order 
H corrections from supergravity [HI [21], [22] is of the form 

V(<I.) = K - c,H') + (a» j^*' + ft.c.) + l*r , (5) 



where {= N or $) denotes the flat direction superfield of interest. The couphngs 
and are usually assumed to have magnitude of order 1, although smaller values 
of could conceivably occur depending on the Planck-scale physics responsible for 
the non-renormalisable terms. The form of the order H corrections during and after 
inflation will depend on the origin of the energy density driving inflation (i.e. whether 
it is driven by an F- or D-term in the scalar potentiajfl and the Kahler potential. 
In D-term inflation |cii,| = during inflation and |cii,| ~ 1 after inflation. For F-term 
inflation |c4.| ~ 1 during and after inflation 0. In order not to suppress the amplitude of 
the RH sneutrino or Affleck-Dine scalar we will consider the case where Cij, is positive. 
In this case the scalar potential has a minimum after inflation ends. For H > the 
minimum of the potential is given by 

\^Un^i^^y\HMf' . (6) 

1 /2 

The ^ 7^ minimum of the potential will vanish at if = Hose -i- ~ / , at which 
time coherent oscillations of the field begin. The initial amplitude of the coherently 
oscillating field is then 

/loX V4 

l^losc ~ mrmn[H ^ H^sc^] = ( (m^M)^/' . (7) 

The initial energy density in the oscillating field is then 



P'i,osc = ml\<il\l^^^ ^mlM . (8) 



2.2 CDM from a d = 4 RH Sneutrino Condensate 

The RH sneutrino is the unique candidate for condensate dark matter in the z/MSSM. 
Conventional MSSM flat directions are linear combinations of squark and slepton 



■^In this paper F- and D-term inflation will refer to the term in the inflaton scalar potential 
responsible for driving inflation. F-term and D-term hybrid inflation models are specific examples of 
these. 

F-term inflation models can have |cii(| ~ during and after inflation if there is a Heisenberg 
symmetry of the Kahler potential ^23j 
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fields, which are generally excluded as dark matter candidiates j2^. In contrast, the 
RH sneutrino can have very weak Yukawa couplings and is a gauge- singlet. It can 
therefore easily evade all direct constraints on dark matter particles. In particular, the 
model with M^v = has Dirac neutrino masses and therefore extremely small neutrino 
Yukawa couplings, \y ^ 10~^^, making the RH sneutrino an excellent candidate for 
condensate dark matter in this case. 

Coherent oscillations of the RH sneutrino begin before radiation domination if the 
reheating temperature satisfies the gravitino bound Tr ^ 10^^^ GeV [25], since in 
this case H{Tr) ^ 0.1 GeV <^ mi^. The present energy density in the RH sneutrino 
condensate is therefore 

where is the scale factor at radiation-domination, is the scale factor at present, 
is the present photon temperature, pc = 8.1 x h'^10~'^'^ GeV^ is the critical density for 
a flat Universe, pn osc = "^atI^ILc ^"^^ = {'^'^9 {T) /90)^^^ with g{T) is the number 
of degrees of freedom in thermal equilibrium. The reheating temperature required to 
have a RH sneutrino condensate density I^tv is therefore 

With typical values for the parameters this becomes 

r„ « 2.6 X 10' ^ f (^) C-^^) GeV . (11) 

For example, if Xn/cn is in the range 0.1 to 1 then a value of Tr in the range 10^ — 
10^ GeV is necessary to account for dark matter. This range of Tr is compatible with 
the gravitino upper bound on the reheating temperature, even for the case where the 
gravitino decays primarily to hadrons [25j. 

2.3 d = 4 {HuLY Affleck-Dine Leptogenesis 

The A-term proportional to ~ {HuL)'^ breaks L and is explicitly dependent upon 
the phase of the $ scalar. It can therefore induce a lepton asymmetry in the complex 



$ condensate via the Affleck-Dine mechanism [5]. The contribution of the A-terms 
to the potential is comparable with the mass squared term just when the complex $ 

1 /2 

condensate forms at if = Hosc<s> ~ rnip/dp . If we define the real direction of $ to 
be that along which the gravity-mediated A-term is real and negative, then the CP 
violating phase responsible for the L asymmetry approximately corresponds to the 
angle of the $ field in the complex plane aX H = Hose $ relative to this late-time real 
direction. The origin of this angle will differ depending on whether the A-term itself 
receives an order H correction after the end of slow-roll inflation. 

The order H correction to the A-term originates from cross-terms in the supergrav- 
ity potential which couple the inflaton 5* to the flat direction scalars \E'. For \S\ M 
the contribution of these terms can be expanded in powers of S/M [6] 

"^^Jll ^'^"^^^^ + ^ (ii^) / ^"^"^^^t^ + ... . (12) 
This implies an A-term due to the inflaton F-term of the form 

A = Asi + ai(l + (^^) + H , (13) 

where Asi is the gravity- mediated A-term and |aj| ~ 1. Therefore if there is a linear 
coupling of the inflaton superfield to the fiat direction scalar in the effective theory 
then an order H correction to the A-term will arise. However, if the linear term is 
suppressed then the leading A-term correction will be of order {\S\H/M). In this 
case the A-term will have no dynamical effect if 15*1 /M is sufflciently small during and 
after inflation, which we will show is the case if \S\/M ^ 1/40. The suppression of 
order H corrections to the A-terms can have significant consequences for isocurvature 
perturbations. 

In the case with order H corrections to the A-terms, the flat direction scalar will 
be at the minimum of the scalar potential along the direction which makes the in- 
dependent A-terms real and negative. So long as there is a complex phase between 
Asi and a^, then at the onset of AD condensate formation (at which time the Asi and 
Ojii terms are comparable) the real direction will change from that defined by to 
that defined by Asi as ii decreases. Therefore initially the oscillating $ field is not 
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along the late-time real direction. Since at H = Hosc<s> the mass squared term and 
A-term in the scalar potential are of comparable magnitude, the A-term will cause 
the real and imaginary components of $ to oscillate out of phase. This results in a 
condensate which describes an ellipse in the complex plane at late times, corresponding 
to an L asymmetry in the AD condensate [5]. 

If there is a symmetry under which the infiaton transforms, such as a discrete 
symmetry or an i?-symmetry, then the order H corrrections to the A-term will be 
suppressed both during and after inflation. Such a symmetry is a common feature 
of SUSY inflation models e.g. an R-symmetry may protect the infiaton potential 
from non-renormalisable corrections in SUSY hybrid inflation models [26l [271 [2H] • For 
sufficiently suppressed H corrections to the A-terms, the complex phase producing 
the L-asymmetry will simply be the random initial phase of $ which exists during 
inflation. 

In either case, at H <^ Hose $ the $ scalar will be of the form = (0i(t) + i(p2{t)) / a/2, 
where 

01 = 0(t) cos(6') sin(m$t) ; 02 = 4>{t) sm{6) sin(m$t + S) ; (j){t) oc a~^/^ . (14) 

Here 6 is the initial phase of the $ field relative to the late-time real direction and 6 is 
a phase shift induced by the A-term; the precise value of 9 and 6 will be determined 
by the scalar field dynamics during the period when the $ 7^ minimum vanishes at 
H ^ Hosc<s>- The resulting L asymmetry of the AD condensate is then 

= 1 (^<i)t$ _ <|.t$) = ^m$02(t) sin(20) sm{6) . (15) 

In this we have included an overall factor 1/2 since the $ field carries lepton number 
L = 1/2. Once the AD condensate decays the lepton asymmetry will be converted into 
a baryon asymmetry by B+L violating sphaleron processes, such that ub = tll initiai/2. 
The magnitude of the baryon asymmetry today is then 

n^ = lAPlJL . = sin(2^) sin(5) . (16) 
4 m$ 

In this we have defined pq> = ""^10(^0)^/2 to be the density that a coherently oscillating 
$ field along the ci = 4 flat direction would have at present if it did not decay, where 



0(to) is the amplitude the oscillating field at present, /a is a factor parameterising the 
CP- violation due to the A-term. For typical CP violating angles and initial conditions 
we expect /a to be in the range 0.1-1. 

2.4 Baryon-to-Dark Matter Ratio 

From Eq. (fT6|) energy density in baryons at present is 

fArrin . . 

PBo = mnUB = o , (17) 

4 m$ 

where rrin is the nucleon mass. From this we can that the energy density in baryons 
is typically of the order of m„/m$ times the energy density in a coherently oscillating 
d = 4 fiat direction scalar. Therefore if dark matter is due to a condensate along 
a d = 4 direction we will automatically have similar values of Qdm and Qb- From 
Eq. (IH]) and Eq. Qj we find that Pn o oc Cjqrrijq/Xfq, with an analogous expression for 
p$ o- Therefore 

_ fArrin _ Urrhn_c^>^ _ _fA_ / lOO GeV \ c^A^v 
VIdm 4 m$ pN o 4 rriN A# cn 400 V tun J cn A$ 

This shows that it is possible to explain the observed baryon-to-dark matter density ra- 
tio, Qb/^dm ~ 1/6) with values of A^r and A$ which are within an order of magnitude 
of each other. For example, Xjy ~ 10A<j,, c$ ~ Gcjy, /a ~ 1 and m^v ~ 100 GeV gives 
Qb/^dm ~ 1/6- If A$ can be significantly less than Xjy, for example A$ ~ O.OIAat, 
then smaller values of /a and c$ are possible. 

Thus the baryon-to-dark matter ratio can be accounted for if the couplings A for all 
d = A fiat directions of the i^MSSM are within a few orders of magnitude of each other. 
A small hierarchy, with A$ one to two orders of magnitude less than Aat, is required. 
Since there could be a generational dependence of the non-renormalisable couplings, 
as in the case of renormalisable Yukawa couplings in the MSSM, it is reasonable to 
expect that A$ and Aat could have significantly different values. Another possibility, 
which will be explored in future work, is that renormalization group evolution of the 
couplings of the (if„L)^ flat direction scalar and the RH sneutrino from the Planck 
scale to the scale of AD leptogenesis could result in the required hierarchy. 
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In the case with three generations of RH sneutrino, we expect condensates of all 
three RH sneutrino mass eigenstates to form. The heavier RH sneutrinos will decay to 
the LSP RH sneutrino. Any matrix element for the decay of the heavier RH sneutrinos 
to the LSP will be proportional to Xf,, therefore a very conservative upper bound on 
the decay rate is F < XlrriN. With A^, ~ 10~^^ and rriN ^ 100 GeV this gives a lifetime 
r > 10^^ years. Therefore the heavier RH sneutrinos have a lifetime longer than the 
age of the Universe and so will also contribute to the dark matter density. 

3 Isocurvature Perturbations 

Isocurvature perturbations of both the CDM and baryons can arise due to quantum 
fluctuations of the amplitude and phase of the fiat direction scalar fields during infla- 
tion. The magnitude of the resulting isocurvature perturbation today will depend on 
the form of the order H corrections to the mass squared terms and A-terms during 
and after inflation. 

3.1 CDM Isocurvature Perturbation 

If all order H corrections are zero during inflation, as in D-term inflation models, then 
the complex inflation field is massless and so there will be quantum fluctuations of 
both the phase and amplitude. 

An alternative possibility is that the H corrections to the A-terms are sufficiently 
suppressed both during and after inflation. In this case the quantum fluctuations of 
the phase of will be unsuppressed during and after inflation in both D-term and F- 
term inflation models. When the expansion rate drops to HoscN, the A-term becomes 
dynamically important since the contribution of the A-term to the potential is of the 
same magnitude as the mass squared term at this time. The effect is that the quantum 
fluctuation in the phase field 66 will induce a fiuctuation in the amplitude such that 
\6N/N\ = 0{1)66. (This mechanism was first discussed in the context of the phase- 
induced curvaton model [22] •) Therefore CDM isocurvature perturbations can also be 
generated in F-term infiation models. 
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The condition for the phase fluctuations to be effectively unsuppressed is that 
the correlation length of the fluctuation at the end of inflation, / ^ jj-i^3H'^/2m^ ^ -g 
larger than the region corresponding to the observed Universe, which requires that 
?)H'^ /2m? > 60, where m is the mass of the fluctuating field [6]. In the case of the 
phase field, an order H A-term correction will produce an effective mass for the field 
at the minimum of the potential ^ H^. In the case of suppressed linear inflaton 
couplings, this effective mass becomes m? ~ \S\H'^/M. Therefore the inflaton field 
during inflation must satisfy \S\/M ^ 1/40 for the A-term correction to be negligible. 

To analyse the isocurvature perturbations we follow the discussion given in |3Q| . 
Since the adiabatic perturbations come from inflaton quantum fluctuations while the 
CDM isocurvature perturbations come from unrelated quantum fluctuations of the 
RH sneutrino field, the adiabatic and CDM isocurvature perturbations will be uncor- 
related. The angular power spectrum due to a mixture of uncorrelated adiabatic and 
CDM isocurvature perturbations is given by |30] 



G = (1 - + aCr , (19) 

where 

Cf^ and Cl'^° are the multipole moments for the adiabatic and CDM isocurvature per- 
turbation. |5(A;)p and |7^(A;)p are the Fourier transforms of the mean squared entropy 
and curvature perturbation respectively. These are related to the power spectra by 

\nk)\^ = ^ i = 5^ . (21) 

P-ji is given by its COBE-normalised value, P]l^ = 4.8 x 10~^ |33] . 

In the following we will consider the RH sneutrino dark matter to oscillate in the 
real direction, so that = For simplicity we will drop the subscript 1 and use 

A^ to denote the canonically normalized real part of the complex field. The entropy 
perturbation is related to the fluctuation of the RH sneutrino field at the onset of 
coherent oscillations 

S^{'±\ .Hfl. (22) 
12 



Here Nj and SNj are the values of the amphtude and its fluctuation at horizon exit 
during inflation. In this we assume that 6N/N remains constant once the fluctuation 
exits the horizon, which we show below is true for = 4 directions. Therefore 

where Hi is the value of H during inflation, which for simplicity we assume to be 
constant. Therefore 



and 



|^|2 jy2 

= TT^PnNf ■ ^^^^ 



In the following we consider the limit where a is small compared with 1, in which case 

For the case of F-term inflation with suppressed order H corrections to the A-terms, 
fluctuations 59 of the phase of the flat-direction field are unsuppressed. At the onset 
of coherent oscillations, the A-term induce an amplitude fluctuation 6N/N = 0{1)66 
[29] . The fluctuation of the phase is related to the fluctuation of the field during 
inflation by 69 ~ SN2/N1, where N2/V2 is the complex part of the RH sneutrino field. 
Therefore, up to an 0(1) factor, the amplitude fluctuation of the RH sneutrino at the 
onset of coherent oscillations is the same as in D-term inflation. 

The value of Nj in D-term inflation has an upper limit from the requirement that 
V" (N) ^ H^, above which the RH sneutrino is no longer effectively massless and 
is rapidly evolving. (In this we are discounting the unlikely possibility that the RH 
sneutrino is rapidly rolling at ~ 60 e-foldings before the end of inflation.) This 
corresponds to Nj ^ A^^. where 

/ 40 \ 1/4 

N.= {^] {MHjf'. (26) 



5A 



N , 



N < then imphes a lower bound, amm, on the value of a, given by 

5\^/' Hi 



487 ■K'^Pn M 
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(27) 



The 2-cr observational upper bound for an uncorrelated CDM isocurvature perturba- 
tion from WMAP3 is aum = 0.26 [31] 0. Requiring that amin < Oium then gives us an 
upper bound on the value of H during inflation 



Atv VAjv/ VO.26 

F-term inflation differs from D-term inflation in that Ni is fixed to be at the 
minimum of its potential during inflation, 

iV, = iV_^f^V^'(M/f,)^/^ . (29) 



N 



The lower bound on a and the upper bound on Hi in this case are now 

/ 1 \^ Hj 



and 



Hj < (24c^)^/^ "'"^t'"^"^ - X 10"^^'' (^) GeV . (31) 



It is interesting that the upper bounds on Hj are typically in the range 10^ 
10^^ GeV for Aat = 0.01 — 1. As such they are large enough not to require an inflation 
model with an extremely small value of Hj, yet small enough to offer a realistic prospect 
of detecting the CDM isocurvature perturbation in the future. 

We can compare these upper bounds with the value of Hj expected in common 
SUSY inflation models. In the case of D-term hybrid inflation [26j, if/ ~ 1 x 10^^ g GeV, 
where g is the U (1) gauge coupling, corresponding to an energy density during inflation 
V = (?^^^/2. (In this we have assumed a Fayet-Iliopoulos term ^^/^ = 8 x 10^^ GeV, 
as required by the observed curvature perturbation.) Comparing with Eq. fl28l) we 
see that for D-term hybrid inflation the CDM isocurvature perturbation is compatible 
with observation only if the gauge coupling satisfies g ^ 0.05 when Ajv ~ 0.1. This 
suggests that the CDM isocurvature perturbation in D-term hybrid inflation is likely 
to be close to the present observational limit, although a small value of the gauge 



^An alternative method, using Bayesian model selection, may allow a tighter upper bound on a 
to be obtained [321 ■ 
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coupling and/or non-renormalisable superpotential coupling is required for the CDM 
isocurvature perturbation to be within observational limits; if Aa? ~ 1 and g ^ 0.1 then 
D-term hybrid inflation would be excluded. In the case of F-term hybrid inflation with 
suppressed order H A-term corrections, \S\/M ^ 1/40 is necessary in order to have 
a large enough correlation length for an isocurvature fluctuation to exist. The value 
of S* at ~ 60 e-foldings of inflation is \S\/M = K^/N/2n ^ 1.2k, where k, is the 
Yukawa coupling of the F-term hybrid inflation superpotential {W = kS{—^'^ + 00)) 
|27] . Therefore to have \S\/M ^ 1/40 we require that /t ^ 0.01. The value of Hj 
during F-term hybrid inflation is if/ = 7 x IO^^k GeV, corresponding to an energy 
density during inflation V = /t^/i^. (We have assumed yU = 5 x 10^^ GeV as required by 
the observed curvature perturbation.) Therefore if a CDM isocurvature perturbation 
exists (k < 0.01) then Hj < 7 x 10^° GeV. Comparing with Eq. ([31]) shows that the 
CDM isocurvature perturbation in F-term hybrid inflation can be close to the present 
observational limit if ~ 1. 

In the above we have assumed that there is no suppression of the isocurvature 
perturbation after inflation. This will generally be true in the case without order H 
corrections to the A-term. In this case the isocurvature perturbation originates from 
phase fluctuations of the flat direction fleld, which do not evolve since the phase fleld 
is massless. In the case of D-term inflation with order H corrections to the A-terms 
after inflation we need to check whether there is any suppression of the amplitude and 
phase fluctuations. 

Once inflation ends the potential acquires a minimum to which the flat direction 
field will roll and coherently oscillate. We consider the evolution of the RH sneutrino 
along the real direction, N{'x,t) = N{t) +6N{'x,t). The zero mode, N{t), and k mode 
of 6N{-x,t), 6Nk{t), will satisfy the equations 



N + 3HN 



dV 
dN 



(32) 



and 




N{t) 



(33) 
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where we assume that k/a <^ H in Eq. ( |33l) . If at the end of inflation N{t) ^ Nmin{t) 
then N(t) and 6Nk{t) will evolve in a potential V ^ -CArif^|A^p. As a resuh N(t) 
and 6Nk{t) satisfy the same equation and therefore 6Nk{t)/N{t) remains constant 
until N{t) ^ Nmin- Thereafter, to a good approximation, N{t) = Nmin{t) during the 
post-inflation era. In this case 

6Nk + 3H6Nk = -4cNH^6Nk . (34) 

With H oc a~^/^ during inflaton coherent oscillations the solution is 5Ni^{t) oc a'^, 
where P El] 

1 

The largest suppression will occur for the case where 16cn > |, in which case \SNk\ oc 
Q,-3/4_ For a c/ = 4 flat direction N{t) ^ Nrainif) oc IT^/^ oc a''^/^, therefore 5Nk/Nmin 
is constant i.e. there is no suppression of the isocurvature perturbation for a = 4 flat 
direction due to evolution of the fields after inflation. Note that this result is peculiar 
to a (i = 4 flat direction: in general the minimum of the potential is proportional to 

ifV(d-2)^ ^^^^ SNk/N^in oc a^Wid-2)-l/2)/2_ 

In the case where there are order H corrections to the A-terms after inflation, the 
phase field at the minimum of the potential will also have a mass squared of order 

and so will oscillate about the minimum is the same way as the amplitude field. 
Therefore there will also be no suppression of the magnitude of the phase fluctuation 
after inflation. 

To summarise, a CDM isocurvature perturbation will be generated in the case of 
D-term inflation models in general and also in F-term inflation model with suppressed 
order H corrrections to the A-terms. The magnitude of the CDM isocurvature per- 
turbation in common SUSY inflation models can be naturally close to the present 
observational bound. 



+ 



16cn 



(35) 
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3.2 Baryon Isocurvature Perturbation 

Fluctuations of the phase and amphtude of the AD scalar will result in baryon isocur- 
vature perturbations. We will consider only the case of phase fluctuations, which will 
be unsuppressed if order H corrections to the A-terms are suppressed during infla- 
tion. The magnitude of the baryon isocurvature perturbation due to unsuppressed 
amplitude fluctuations in D-term inflation models will be similar. 

In the case of D-term inflation, there is no suppression of fluctuations in the real 
or imaginary direction during inflation. Defining the AD scalar by 

$ = Ae^^ = + '^^) ' (36) 

the fluctuation of the phase is related to the field fluctuations by 



_ -sm6'()0i + cos(Jd(p2 ^g^^ 



where (pi is the value of (f) during inflation. Therefore 

< 66^ >= -^'0<S<^l>+^o-'0<^<^l> ^ (38) 

where Scpi and (5<^2 are uncorrelated perturbations. Using < S(j)1 >=< 5</)2 >=< S(f)'^ > 
we obtain 

< 60^ >= . (39) 

The power spectrum of 9 fluctuations is therefore 

Ps.-^-, Ps,^{l^)\ (40) 
The Fourier transform of the S6 power spectrum is 

02 2P 02 ■ ^^^^ 

From Eq. (fT6|l the baryon asymmetry is proportional to sin(2^). Therefore 

ub tan 2u 
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The baryon entropy perturbation is Sb = Sns/nB- The Fourier transform of the 
baryon entropy perturbation power spectrum is then 

2k^ 02 



\^b\' = f^\%\' = . (43) 



Therefore the contribution of the baryon isocurvature (BI) perturbation to the CMB 
is given by 



where the factor (Qb/^dmY rescales the CDM isocurvature perturbation C/*" to the 
baryon case [30] . 

As in the case of the RH sneutrino, in the case of D-term inflation there is an upper 
hmit on (f)j from the requirement that 0/ ^ 0*, defined by ^"(0*) = H^, 

1/2 

HjM . (45) 
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\5A| 

aBi can then be written as 



The same observational limit, aum < 0.26, applies to the baryon isocurvature per- 
turbation as in the CDM case, since the perturbations are almost observationally 
indistinguishable [21] • This then gives an upper bound on H during inflation 

Therefore in the case where (pi is close to and with A$ ^ Aat as required by the 
baryon-to-dark matter ratio, the constraint on Hi is much weaker than in the case 
of the CDM isocurvature perturbation, Eq. fl28|) . However, in D-term inflation it is 
possible that (pi could be small compared with 0* while Ni is close to A^*, in which 
case it may be possible to have both a baryon and CDM isocurvature perturbation of 
similar magnitude. 

In the case of F-term inflation we should replace 0/ with 0mm in Eq. (H7|) . which 
gives 
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This is generally a much weaker bound than the CDM isocurvature upper bound, 
Eq. (pT]) . when A$ ^ Xn- Thus the baryon isocurvature perturbation will make a 
much smaller contribution than the CDM isocurvature perturbation in F-term inflation 
models. The observation of CDM and baryon isocurvature perturbations of a similar 
magnitude would therefore be a signature of inflation driven by a D-term in this model. 

4 Conclusions 

In trying to reconstruct early cosmology from information provided by astronomical 
observations and particle physics experiments, we need to make full use of any clue 
provided by nature. One possible clue is the striking similarity of the density in 
baryons and cold dark matter. It is a highly non-trivial feature of a particle physics 
theory to have a mechanism within its structure which can explain the baryon-to-dark 
matter ratio. Therefore the baryon-to-dark matter ratio could serve a discrimiator of, 
simultaneously, the correct particle physics theory, the nature of cold dark matter and 
the origin of the baryon asymmetry. Moreover, if we accept that a model which is 
able to account naturally for the baryon-to-dark matter ratio has a high likelihood of 
being the correct model, we may be able to use this information to draw conclusions 
about the very early Universe, such as the nature of the inflation model. 

In this paper we have considered the implications of the baryon-to-dark matter ratio 
in the context of the i/MSSM. The RH sneutrino condensate appears to be a uniquely 
suitable candidate for cold dark matter in the i/MSSM from the point of view of the 
baryon-to-dark matter ratio. In the case where both the baryon asymmetry and CDM 
density originate along d = 4 flat directions of the z/MSSM, we have shown that the 
observed baryon-to-dark matter ratio can be understood if there is a small hierarchy 
between the non-renormalisable couplings of the RH neutrino and (if„L)^ flat direction 
superfields, with the (if^L)^ coupling one or two orders of magnitude less than the 
RH neutrino coupling. Such a hierarchy of couplings seems plausible given the range 
of values observed for the renormalisable Yukawa couplings of the MSSM. It would be 
significant if this hierarchy could be understood from the point of view of a complete 
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theory of Planck-scale physics such as string theory. 

Observation of a CDM and/or baryon isocurvature perturbation, combined with 
indirect accelerator evidence for a very weakly coupled RH sneutrino LSP, such as a 
coloured or charged MSSM-LSP [4J, would provide strong support for the RH sneutrino 
condensate dark matter model. The model indicates that the CDM isocurvature per- 
turbation in D-term inflation models and in F-term inflation models with sufficiently 
suppressed order H A-term corrections is likely to be close to present observational 
limit. In addition, it is possible that a large baryon isocurvature perturbation could 
arise in D-term inflation models, but in F-term inflation models it is generally sup- 
pressed relative to the CDM isocurvature perturbation. Therefore observation of a 
CDM and baryon isocurvature perturbation of similar magnitude would be a signa- 
ture of D-term inflation in this context, thus providing us with direct information on 
the nature of SUSY inflation. 
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